Calcium phosphate can precipitate from phosphate in urine and calcium carbonate, which is the main component of Mizuhopecten yessoensis shells. Precipitation tests, analyses of SEM-EDS and XRD were carried out to study the formation of calcium phosphate from the shells and synthetic urine, to identify the products, and to investigate the effect of operation conditions on the form of the obtained products. Two precipitation processes were observed at low Ca/P and at high Ca/P ratios. The former involved an increase in pH and a decrease in concentrations of phosphate and calcium to form dicalcium phosphate dihydrate (DCPD), while the latter involved three steps: 1. a rapid increase in pH and a decrease in the concentrations of phosphate and calcium to form DCPD, 2. a decrease in pH and an increase in the phosphate concentration, causing to change the crystal structure into poorly crystallized apatite, and 3. an increase in pH. The observations of the particle surface by SEM-EDS and powder XRD analysis of precipitates were consistent with these phenomena. Elemental analysis of the cross section of particles showed that the reaction that formed calcium phosphate started from the particle surface and then progressed to inside the particles.
INTRODUCTION
Phosphorus fertilizer is one of the most important elements for the growth of crops, increasing their yield. The statistics of the food and agriculture organization show that 38 million tons of phosphorus in the form of P 2 O 5 was consumed as fertilizer in 2013 [1] . The main source of phosphorus fertilizer is phosphate rock, whose production rate is expected to reach a maximum in 2030 [2, 3] . Reserves of phosphorus will be depleted in several hundred years, considering the reserve of phosphate rock in Morocco [4, 5] . The exhaustion of phosphorus is expected seriously affect food security [6] [7] [8] , as a result many studies on this problem are currently in progress [7] [8] [9] [10] .
Mihelcic et al. estimated that 3.4 million tons of phosphorus was excreted from humans worldwide in 2009, and 1.7 million tons of which was in urine [11] . They also predicted that the amount of defecated phosphorus in excreta and urine will respectively increase to 4.3 million tons and 2.2 million tons in 2050. Ott and Rechberger showed by the simulation that livestock manure transports 4 kg phosphorus/capita/ year to agricultural field and then 2.9 kg phosphorus/capita/ year has accumulated in the soil there in Europe [12] . These values are much larger than those of 0.58 kg phosphorus/ capita/year and 0.44 kg phosphorus/capita/year, which are respectively excreted from humans to wastewater and to waste management systems. MacDonald et. al. reported that 9.6 million tons of phosphorus is excreted from livestock globally [13] . Thus, the excreta are an essential source of phosphorus, and the recovery of phosphorus from excreta will reduce the pressure on phosphorus reserves. Focusing on the classification of domestic wastewater, 40% of phosphorus is discharged in urine [14, 15] , and 50% is discharged in feces. Phosphorus in feces is easily recovered by a suitable composting process [16] [17] [18] , while the technologies of struvite precipitation [19] [20] [21] [22] [23] [24] , biological recovery [25] , electrochemical reactions with iron [26] , and the crystallization of calcium phosphate [27, 28] are currently applied for the recovery of phosphorus from wastewater or urine. Among these technologies, precipitation process of poor solubil-ity crystals is a physicochemical technique which requires simple operation and high recovery ratio of phosphate, and provides pure crystals with high content of phosphate.
Meanwhile, the prefecture of Hokkaido in Japan has a problem with the industrial disposal of Mizuhopecten yessoensis shells. Two hundred tousand tons of shells are produced every year and half of them are dumped in landfill sites. The main component of the shell is calcium carbonate (CaCO 3 ), meaning that the shell can be used as a source of calcium. Heterogeneous crystallization occurs on the surfaces of the crystals of calcium salts, resulting in easy liquidsolid separation [29] . This precedes homogeneous crystallization in the precipitation process in solution to produce fine particles [30] . The heterogeneous crystallization process is used for effective phosphate recovery from wastewater [28, 31] . Yoshimura et al. reports phosphate can be recovered from 50 mmol/L potassium hydrogen phosphate solution by shell particles and dicalcium phosphate dihydrate (DCPD, CaHPO 4 ·2H 2 O) was precipitated on the shell particles in 1,000 mmol/L potassium hydrogen phosphate solution [32] . Although, human urine contains around 30 mmol/L of phosphate and other ions which might affect the precipitation reactions. Upon direct dipping process of crushed shell powder in urine, calcium phosphate might not be obtained as particles suspended in the solution, but might appear on the surface of the shells under suitable reaction conditions. The process with shell powder gives a simpler separation system than that required for phosphorus recovery by addition of calcium solution. This should reduce the initial cost of the system.
For developing a phosphate recovery system by Mizuhopecten yessoensis shells, the fate of phosphate in urine and calcium of the shells should be investigated. Therefore, the objectives of this paper are to formulate calcium phosphate crystal on Mizuhopecten yessoensis shells in synthetic urine, which simulates the inorganic salts in human urine, to identify the products, and to investigate the effect of operation conditions on the form of the obtained products.
MATERIALS AND METHODS

Preparation of Mizuhopecten yessoensis shell
Mizuhopecten yessoensis shells were used as a calcium source to precipitate calcium phosphate. The shells were obtained from a supplier of marine products. Seaweed, adductor muscle, slime, and other organic matter attached on the surface of the shells were removed with a brush, and then the shells were thoroughly washed with tap water. After washing, they were dried for one day at 60°C. The shells were broken with a hammer, and the particles were sieved to collect those whose size within the ranges of 0.35 − 0.50 mm, 0.50 − 0.71 mm and 0.71 − 1.19 mm. This size was chosen because a current application for reusing shell particles as calcium source for agriculture uses the size range. A cube box with a side length of 1 cm that was made of a stainlesssteel mesh with 0.0025 mm openings was filled with the particles.
Precipitation of calcium phosphate
From a preliminary experiment on the precipitation of calcium phosphate from Mizuhopecten yessoensis shell particles and phosphate in the urine solution, we found that many calcium phosphate particles become detached from the surface of the shell particles in the case of thorough mixing by a magnetic stirrer. This occurred as a result of friction among the shell particles, the stirrer bar and the walls of the vessel. We decided to use the mesh case to prevent the detachment of the calcium phosphate particles allowing easier solid-liquid separation. The shell particles in the large mesh box exhibited less precipitation owing to the low replacement rate of the liquid in the shell particles layer: therefore, the division of shell particles into small boxes resulting in uniform precipitation. Figure 1 shows the experimental setup. Three mesh boxes containing shell particles were vertically connected by a wire of 150 mm length with 20 mm intervals between center of the boxes and the bottom box at the end of the wire. Nine wires, with each three mesh boxes, were held under a plastic plate of 100 mm in diameter. The plate was placed on the 500 ml conical beaker with all the mesh boxes. The beaker was filled with 500 ml of synthetic urine, and the precipitation process was started by dipping the 27 mesh boxes under the plate in the beaker. The composition of the synthetic urine used in these experiments is summarized in Table 1 [33] . The conical beaker was maintained at 20°C and the solution in the beaker was stirred with a magnetic stirrer at rotational speed of 500 rpm. In this experimental setup, formation of the shell particles in the mesh boxes are not subjected to any vibration during the formation of calcium phosphate on their surface, since the mesh protects the particles from the high turbulence of the outer liquid. Table 2 shows initial molar ratio of calcium concentration to phosphate concentration (Ca/P) in the system, which are supplied from the synthetic urine and from the shell particles, the initial phosphate concentration in the synthetic urine, the initial calcium concentration in the synthetic urine, the initial calcium concentration in the system as the shell particles, the total calcium concentration in the system, and the weight concentration of the shell particles placed in the boxes. Here, most of phosphate comes from synthetic urine, because the shell particles don't contain phosphate. In the estimation of the weight concentration of shell particles, several types of calcium phosphate crystal may exist as summarized in Table 3 [34] . We considered that DCPD was formed after the precipitation process. Five milliliters of the solution were sampled periodically for latter analysis, while pH of the solution was also monitored. The shell particles with precipitates in the mesh boxes were washed with distilled water and dried for 24 h at 60°C after the experiments.
Analysis of solution and precipitates
The concentration of phosphate in the solution was analyzed by the molybdenum blue method, while the concentrations of calcium and magnesium ions were measured by chelatometric titration with ethylenediaminetetraacetic acid (EDTA). To analyze calcium and phosphate, 0.1 g of the particles or the precipitates were dissolved with 2 ml of 1 mol/L HCl solution and diluted into 100 ml, then the concentrations in the diluted solution were measured by same method mentioned above. The surfaces and cross sections of the shell particles with calcium phosphate precipitates were analyzed by scanning electron microscope-energy dispersive X-ray spectroscopy (SEM-EDS; SuperScan SSX-550, Shimadzu Corporation, Kyoto, Japan), and the elements were mapped on SEM images. For the observation of cross sections, the shell particles were embedded in resin, then the resin was shaved by sandpaper to form cross sections with flat surface.
The precipitates on shell surfaces were scratched off the surface by a spatula and milled with a mortar. The crystal form of the pulverized precipitates was analyzed by powder X-ray diffraction (XRD; RINT-2000, Rigaku Corporation, Tokyo, Japan).
RESULTS AND DISCUSSIONS
Relationship among pH, phosphate concentration and calcium concentration Figure 2 shows time courses of the pH and the concentrations of phosphate and calcium in the solutions during precipitating calcium phosphate on the shell particles with the range of 0.71 − 1.19 mm. An increase in pH, decrease in the concentrations of phosphate and calcium, and precipitates on the shell particles and on the mesh case were observed under all the experimental conditions. The following equilibrium reaction may occur between calcium carbonate and phosphate ions; CaCO HPO CaHPO CO
Carbonate ions dissociate as:
Here, powers of acidity constants are pKa 1 = 3.6 for Eq. (2) and pKa 2 = 10.25 for Eq. (3). This shows that the existence of calcium carbonate and hydrogen phosphate ions shifts the equilibrium to the side of production, because hydrogen carbonate ion is produced in the range of pH from 6 to 9. The calcium from the dissolved calcium carbonate and the hydrogen phosphate ions may react to produce dicalcium phosphate which supersaturates in the liquid phase, resulting in the precipitation of the products on the particle surface [29]. Therefore, a decrease in the concentrations of calcium and phosphate ions occurs in the early stage of the reaction at lower Ca/P. The decrease of phosphate concentration was larger than the decrease of calcium concentration. This might mean that the replacement of the carbonate with phosphate in the shell particles continue, while the calcium ion in the solution decreases to form the precipitation. At high initial Ca/P ratios of 5 and 10, three steps were found to occur in the reaction. In the first step, before 8 days, there was a rapid increase in pH and a decrease in the concentrations of phosphate and calcium. In the second step, from 8 days to 11 days, a decrease in pH and an increase in the phosphate concentration were observed. In the final step, after 11 days, the pH increased, but the concentrations of phosphate and calcium were steady. These phenomena may be described by the following mechanism. The production of dicalcium phosphate in the first step occurs via the same procedure at a high initial Ca/P ratio. Then the crystals of dicalcium phosphate transit to another phase, such as amorphous calcium phosphate or hydroxyapatite (HAP) whose formation requires a higher initial Ca/P ratio [34] , resulting in the release of phosphate and in decreasing the pH. The final concentration of phosphate decreased with increasing the initial Ca/P ratio. The relationship between the final amount of recovered phosphate and the initial Ca/P ratio is summarized in Table 4 . The amount of recovered phosphate increased with the value of the initial Ca/P, and the recovery ratio reaches 64% at initial Ca/P = 10. The ratio of the equivalent amount of calcium forming dicalcium phosphate on initial calcium amount is calculated from the recovered amount of phosphate as in Table 4 . The calcium carbonate in the shell particles completely reacted to form calcium phosphate at a low initial Ca/P ratio, then the proportion of phosphate that was taken in the shell particle decreased with increase in the initial Ca/P ratio. A reason for this phenomenon is the low permeability of phosphate ions into the shell particle layer owing to the thickness of calcium phosphate particles on the surface of the shell particles. However, further work is needed to explore this phenomenon. Considering a real situation, this recovery system requires 60 − 90 litter reactor in each household for 10 − 15 days retention time, because the generation of urine from 5 members family is only 6 litter. This is a feasible size for domestic application. Figure 3 shows SEM images of the shell particle surfaces before the experiment, the final product when initial Ca/P = 1 and 10, respectively. Pillar-shaped crystals were found on the virgin shell particles. After the experiments, square pillar-shaped crystals and spherical crystals were respectively grown on the surface in the cases of initial Ca/P = 1 and 10. Among the compounds of calcium phosphate, DCPD, octacalcium phosphate (OCP; Ca 4 (HPO 4 )(PO 4 ) 2 ·2.5H 2 O), and amorphous HAP respectively forms square pillar crystals, spherical crystals, and amorphous [34] . The elements were mapped onto cross-sectional SEM images of the final products for the initial Ca/P ratio of 0.3, 1, and 5, as shown in Fig. 4 . Blue indicates the existence of calcium atoms which represents shell particle and red indicates the existence of calcium and phosphor atoms which represents calcium phosphate. Calcium phosphate was found at the surface of the shell particles for all conditions. Thus, a forming of calcium phosphate starts from the particle surface and then penetrates inside the particles. The depth of permeation of phosphate was high at the low initial Ca/P ratio. This phenomenon supports the result of Table 4 ; the higher initial Ca/P ratio results the lower ratio of reacted calcium on the total calcium in the system, resulting in the lower ratio of produced calcium phosphate to form thinner layer of calcium phosphate.
Observation of particle surface and cross section by SEM-EDS
Crystal structure analysis
The precipitate obtained after the experiments was ana- lyzed by powder XRD to identify the final products as below.
In the case of initial Ca/P ≤ 1, the XRD profile was similar to Fig. 5(a) , in which clear peaks can be observed. The profile of DCPD, shown in Fig. 5(b) , corresponds to that of the final products when initial Ca/P ≤ 1, and the peaks for calcium carbonate in Fig. 5 (c) were also found in Fig. 5(a) . The products obtained when initial Ca/P = 5 and 10 have a similar profile to that in Fig. 5(d) , in which clear peaks are not observed. This profile is similar to that of poorly crystallized apatite reported by Amjad [34] . To check for changes to the crystal structure, the intermediate precipitates at 6 days in Fig. 4 Element mapping of calcium and phosphorus on the cross section of the final products. Blue indicates the existence of calcium atoms but no phosphorus atoms, green indicates the existence of phosphorus atoms but no calcium atoms, and red indicates the existence of both calcium and phosphorus atoms. second step of the reaction were analyzed by powder XRD, and the profile is shown in Fig. 5(e) . The profile is similar to the simulated profile of DCPD.
Ca/P in the precipitate on the surface
The Ca/P ratio of the precipitates of the final products and the intermediate precipitations are respectively summarized in Tables 5 and 6 . The Ca/P ratio in the precipitates of the final products for initial Ca/P ratios less than 1 was approximately 1.2. This value is higher than the Ca/P ratio of DCPD because of the contamination of calcium carbonate in the shell particles. However, it was clearly lower than the values for the final products when the initial Ca/P ratios were 5 and 10, while their values are near HAP. The Ca/P ratio for the intermediates was also approximately 1.2. Thus, similar to the value for the final products when the initial Ca/P ratio was less than 1. Therefore, we can conclude that when Ca/P is initially less than 1, DCPD is produced as the final precipitate on the shell particles, while initial Ca/P ratios of 5 and 10 produce apatite with low crystalline quality via the formation of DCPD on the shell particles. Effect of particle size on reaction rate Figure 6 shows the effect of a particle size of the shell particles on a decrease rate in the phosphate concentration in the solution. The size rages were 0.35 − 0.50 mm, 0.50 − 0.71 mm, and 0.71 − 1.19 mm, while the Ca/P ratios of the particles were 1.65, 3.30, and 8.25. The decrease rate of the phosphate concentration, representing reaction rate of phosphate and calcium carbonate, can be categorized into 3 groups within the different Ca/P ratios. The coefficients, k (1/s), for the maximum reaction rates described by a first-order reaction equation decreased with an increase in size, but were not inverse proportion to size in square as shown in Fig. 7 . This fact suggests the particle size may affect the reaction rate, but it is not proportion to the surface area of shell particles estimated from the range of particle size. The reason may be that the structure of the Mizuhopecten yessoensis shells is a pile of calcium carbonate and collagen layers [35] . This makes anisotropy forming channels for phosphate to penetrate inside of a particle as shown in Fig 3(a) , while the break of the particles occurs along the channels resulting in slight increase in the number of accessible channels.
CONCLUSION
Precipitation tests, SEM-EDS and powder XRD analysis, and composition measurements were carried out to study the formation of calcium phosphate from Mizuhopecten yessoensis shells and synthetic urine, to identify the products, and to investigate the effect of operation conditions on the form of the obtained products. Two different precipitation processes were observed at low initial Ca/P (≤ 1) and high initial Ca/P (= 5 and 10) ratios. The former simply involved an increase in pH and a decrease in the concentrations of phosphate and calcium to form DCPD, while the latter involved three steps: the first step was a rapid increase in pH and a decrease in the concentrations of phosphate and calcium to form DCPD, the second step was a decrease in pH and an increase in the phosphate concentration causing the crystal structure to change poorly crystallized apatite, and the third step was an increase in pH. The observation of the shell particle surface by SEM and the results of powder XRD analysis and composition measurement of the precipitate were consistent with these phenomena. Elemental analysis of the cross section of shell particle by SEM-EDS showed that the reaction that formed calcium phosphate started the from particle surface and then propagated to inside the particles. Additionally, smaller particles had a less effect on the reaction rate of phosphate and calcium carbonate in shell particles.
